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Abstract

Sirtuin 1 (SIRT1) is a member of the sirtuin family that functions to deacetylate both histones and non-histone proteins. Previous studies have
identified significant SIRT1 upregulation in eutopic endometrium from infertile women with endometriosis. However, SIRT1 function in the
uterus has not been directly studied. Using immunochemistry analysis, we found SIRT1 to be most strongly expressed at GD4.5 and GD5.5
in decidualized cells and at GD75 in secondar}/ decidual cells in mouse. To assess the role of SIRT1 in uterine function, we generated uterine
Sirt1 conditional knockout mice (Pgre™/+ Sirt17'; Sirt199). A 6-month fertility trial revealed that Sirt7%d females were subfertile. Implantation site
numbers were significantly decreased in Sirt7%? mice compared with controls at GD5.5. Sirt7%? implantation sites at GD4.5 could be divided
into two groups, Group #1 with luminal closure and nonspecific COX2 expression compared with controls (14/20) and Group #2 with an open
lumen and no COX2 (6/20). In Sirt1%? Group #1, nuclear FOXO1 expression in luminal epithelial cells was significantly decreased. In Sirt7%¢
Group #2, nuclear FOXO1 expression was almost completely absent, and there was strong PGR expression in epithelial cells. At GD5.5, stromal
PGR and COX2 were significantly decreased in Sirt1%¢ uterine in the areas surrounding the embryo compared with controls, indicating defective
decidualization. An artificially induced decidualization test revealed that Sirt 7% females showed defects in decidualization response. All together,
these data suggest that SIRT1 is important for decidualization and contributes to preparing a receptive endometrium for successful implantation.
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Introduction

Implantation is a critical event in the initiation of a successful
pregnancy involving a series of complex mechanisms between
the embryo and the maternal endometrium [1]. Decidualiza-
tion, a critical components of this process, is the morpholog-
ical and functional change of uterine stromal fibroblasts into
large, epithelial-like, secretory decidual cells [2]. In humans,
implantation is not necessary for the initiation of decidualiza-
tion, but in mice, the blastocyst stimulates endometrial tissue
to decidualize [3]. The murine implantation process involves
the apposition of the blastocyst next to the endometrial lumi-
nal epithelium, the attachment of the trophectoderm layer
of the blastocyst to the epithelium, and the invasion of the
blastocyst through the epithelial layer [1, 4]. Upon embryo
invasion, the uterine stroma surrounding the embryo under-
goes remodeling through proliferation and differentiation as
decidualization progresses [5—7]. The decidual process starts
at the antimesometrial region of the endometrium, which
becomes the primary decidual zone (PDZ) [8]. In mice, the
PDZ starts to form on the afternoon of gestation day (GD) 4.5
(vaginal plug checked morning = GD 0.5) and becomes fully

developed on the morning of GD 5.5 with the completion of
cell proliferation [9, 10].

The ovarian steroid hormones estrogen (E2) and proges-
terone (P4) generate dynamic changes in the uterus to regulate
endometrial receptivity, embryo implantation, and decidu-
alization of stromal cells, all of which is essential for the
establishment of a successful pregnancy [11]. P4 signaling
through the progesterone receptor (PGR) is the major acti-
vation pathway for decidualization [12], and PGR signaling
upregulation requires E2 action in the uterine stroma during
the window of receptivity [13]. In mice, the uterus is in a
prereceptive condition on GD 0.5-2.5 and becomes receptive
to blastocyst implantation on GD 3.5. By the afternoon of GD
4.5, the endometrium is past the receptive window [14].

Decidualized stromal cells express a number of decidual
marker genes in the implantation period in mice in coor-
dination with simultaneous changes in the composition of
the epithelium [15]. Cyclooxygenase-2 (COX2), an inducible
proinflammatory gene, is an important marker for decidual-
ization, and is highly expressed around the embryo invasion
site. It was previously shown that COX2-deficient females
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have decidualization failure when fertilized embryos invade
the endometrium [16]. E-cadherin, a critical cell adhesion
molecule, constitutes epithelial cell-cell contact sites. In nat-
ural conditions, the expression of E-cadherin dissipates at
the uterine luminal epithelial cells of the implantation sites
in the mouse after embryo implantation due to entosis of
epithelial cells by invading trophoblast [17]. Activation of
signal transducer and activator of transcription 3 (STAT3)
via phosphorylation is required for decidualization, directly
interacting with PGR in the uterus at GD 5.5. In addition, mice
lacking STAT3 in PGR positive cells fail to support embryo
implantation and decidualization, indicating that crosstalk
between endometrial STAT3 and PGR signaling is required for
these critical events during early pregnancy [18]. Furthermore,
previous studies have shown that tightly controlled spatiotem-
poral expression of PGR and forkhead box O1 (FOXO1)
is critical for successful implantation and decidualization of
stromal cells [19-21]. FOXO1 expression also increases with
the reciprocal decrease of PGR in the nuclei of endometrial
epithelia of both humans and mice during the time of embryo
implantation, and FOXO1 plays an important role in uterine
receptivity through regulation of epithelial integrity [21].

Sirtuin1l (SIRT1) is a globally expressed member of the
sirtuin family of Class III histone deacetylases and has number
of important roles in peripheral metabolic tissues, such as
liver, muscle, and adipose tissue [22, 23]. In the ovary, SIRT1
is expressed in oocyte and granulosa cells in large follicles,
and SIRT1 deletion can reduce the size of the ovaries during
early stage follicular development [24]. The dysregulation of
sirtuin family members has been known to result in abnormal
reproductive phenotypes for over a decade, but the function of
SIRT1 in uterine biology is still unclear [25]. In our previous
analysis of SIRT1, we found it to be significantly upregulated
in human and baboon endometrium affected by the presence
of endometriosis [26]. This was consistent in both prolifer-
ative and secretory phase human biopsy samples, and the
upregulation of SIRT1 was time-dependent after induction of
endometriosis in baboons [26]. Therefore, we hypothesized
that tight regulation of SIRT1 is important for normal uterine
function.

In this study, we used uterine specific Sirt1 ablation in
mice (Pgrre*Sirt17f, Sirt19/) to identify the role of SIRT1
in early pregnancy. Sirt19/ females exhibited normal ovarian
function and formed successfully developed blastocysts but
delivered significantly decreased litter sizes, suggesting sub-
fertility due to a uterine defect. In addition, they showed a
decidual defect with altered COX2, PGR, and FOXO1 expres-
sion in the uterine stroma. Furthermore, Sirt144 uteri were
unable to fully respond to artificial decidualization stimuli.
Together, our data reveal SIRT1 to be a critical regulator of
the endometrial microenvironment involved in PGR signaling
for decidualization.

Materials and methods

Mouse procedures and tissue collection

All mice were maintained in the animal facility of the
Institutional Animal Care and Use Committee of Michigan
State University, and all animal experimental procedures were
approved. Mice were bred on a mixed background of the
mouse strains C57Bl/6 and SV129 under controlled humidity
and temperature. Six-week-old female mice were used for
artificially induced decidualization, and 8-week-old female
mice were used for all other experiments. Sirt17f mice were
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used as controls, and Sirt1%4 (Sirt1 knockout, Pgrere/+ Sirt17f)
mice were generated by mating Sirt1/f mice with Pgr-cre
mice resulting in the ablation of the floxed gene in uterine
tissue [27, 28]. To collect uterine tissue from specific stages
of pregnancy, female mice were mated with fertile wild-type
males and designated as GD 0.5 when a vaginal plug was
found in the morning. Uterine tissue was snap-frozen at the
time of isolation and maintained at —80°C for Quantitative
reverse transcription PCR (RT-qPCR) and Western blot
analysis. For histological study, the uterine samples were fixed
with 4% paraformaldehyde before paraffin embedding.

For the fertility trial, female fertility was assessed by mating
Sirt19d (n = 5) and Sirt17f females (n = §) with fertile C57Bl/6
males continuously for 6 months and counting the numbers of
litters and pups produced by each female mouse. To evaluate
the ovarian functions in Sirt1%d mice, virgin female mice
were mated with wild-type male mice. Serum samples were
collected at GD3.5 and the serum levels of estrogen and
progesterone were examined by University of Virginia Center
for Research in Reproduction Ligand Assay and Analysis
Core. Embryos were collected at GD3.5 by uterine flushing
with M2 medium (Sigma-Aldrich), rinsed into microdrops of
M2 medium, and counted. Collected embryos were examined
to evaluate preimplantation embryonic development. Ovaries
were fixed with 4% paraformaldehyde for histological study.

RT-gPCR

Total RNA was isolated from frozen uterine tissues with
QIAGEN RNeasy Mini kit (QIAGEN, 74106). Complemen-
tary DNA (cDNA) was synthesized with M-MLV Reverse
Transcriptase (Invitrogen, 28,025-013) by using 1 ug of total
RNA primed with random hexamer primer according to
the manufacturer’s instructions. Quantitative real-time-PCR
was performed in a Step One Plus Real-Time PCR System
(Applied Biosystem), and quantification was performed
with SYBR green (PowerUp SYBR Green Master Mix,
Applied Biosystems, A25742) with a primer set specific
for Sirtl (Forward: 5- ACAGAACGTCACACGCCAG
-3/, Reverse: 5'- TTGAGGGTCTGGGAGGT CTG -3).
Expression was normalized with the housekeeping gene Rpl7
(Forward: 5'- TCAATGGAGTAAGCCCAAAG-3/, Reverse:
5'-CAAGAGACCGAGCAATCAAG-3).

Western blot analysis

Protein isolation from uterine tissue and Western blot anal-
ysis was performed as previously described [29]. For total
protein extraction, 600 ul of lysis buffer (50 mM Tris—
HCI (pH 8.0), 1 mM EDTA, 150 mM NacCl, 0.5% NP40,
10% Glycerol, and 2 mM MgCl,) with a protease inhibitor
cocktail (Roche, Indianapolis, IN) and a phosphatase inhibitor
cocktail (Sigma Aldrich, St. Louis, MO) were added to the
tube with the uterine tissue. Uterine tissue in lysis buffer was
homogenized to get a high protein yield. After centrifuging
the tubes for 15 minutes with maximal speed, the super-
natant was collected in a fresh tube. The Bradford protein
assay was used to measure the concentration of total protein
in the samples. About 5 ug of proteins were separated on
sodium dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE) gels and transferred to Polyvinylidene difluoride
(PVDF) membrane (Millipore, Bedford, MA). The membranes
were blocked by incubation for 1 hour in 0.5% (wt/vol)
casein (Sigma Aldrich, St. Louis, MO) in PBS with 0.1%
Tween 20 and incubated overnight at 4°C with primary anti-
bodies against Actin (SC-1616, 1:1000 concentration, Santa
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Cruz Biotechnology, Dallas, TX), SIRT1 (9475S, Cell Sig-
naling, Danvers, MA, 1:5000 concentration). After washing
with Phosphate-Buffered Saline with 0.1% Tween (PBST),
the membranes were incubated with horseradish peroxidase-
linked secondary antibody.

Histology and immunostaining

For histological analysis, endometrial sections were stained
with Hematoxylin (Hematoxylin Stain, Mayer’s solution,
VOLU-SOL) and Eosin (Eosin-Y, Fisherbrand). Immuno-
histochemistry was performed as previously described [30]
with specific commercially available primary antibodies for
COX2 (1:500, Cayman, 160,112), FOXO1 (1:500, Cell
Signaling, 2880), PGR (1:1000, Cell Signaling, 8757), E-
cadherin (1:2000, BD Bioscience, 610 181),and Ki67 (1:1000,
BD Pharmingen, 550 609). Goat Anti-Rabbit IgG Biotinylated
(BA-1000) or Goat Anti-Mouse IgG Biotinylated (BA-9200,
Vector Laboratories) was used after administration of primary
antibodies overnight. Horseradish peroxidase-conjugated
streptavidin substrate (Streptavidin Horseradish Peroxidase
[HRP] Conjugate, Invitrogen, 434 323) positive immunoreac-
tivity was detected with the Vectastain Elite DAB kit (Vector
Laboratories, Burlingame, CA). For immunohistochemistry
staining comparison, a semiquantitative grade (H-score) was
measured by adding the percentage of intensively stained
nuclei (3x), the percentage of moderately stained nuclei
(2x), and the percentage of weakly stained nuclei (1x) in
100 cells of 5 different images; the score range is 0-300
[31]. FOXO1 is localized in the nucleus of the luminal and
glandular epithelium of the endometrium at GD4.5 to regulate
endometrial receptivity [21]. Subcellular localization of
FOXO1 proteins at implantation sites was semi-quantitatively
examined by counting stained nuclei and cytoplasm in 100
uterine luminal epithelial cells at GD4.5 (n=35).

Artificially induced decidualization

For artificial decidualization, Sirt1™f (control) and Sirt144
female mice (7= 3/genotype) were ovariectomized under
anesthesia at 6 weeks of age. After resting at least 2 weeks to
remove endogenous ovarian hormones completely, the mice
were administered daily subcutaneous injections (s.c.) of E2
(100 ng) for 3 days. The mice were administered daily 1 mg
of P4 s.c. and 6.7 ng of E2 s.c. for 3 days after undergoing
2 days of rest. A single horn of each mouse was mechanically
stimulated the full length of the antimesometrial lumen 6 h
after the third P4 and E2 injection, while the other horn was
left unstimulated as a control. For stimulation, a 25-gauge
sterile needle was inserted into the uterine lumen through the
uterine wall near the tubal utero junction, and the end of
the needle was scratched against the antimesometrial uterine
wall. Mice were treated with meloxicam for analgesia before
the skin incision was made. Mice were anaesthetized with
isoflurane gas by inhalation. To induce a strong decidual
reaction, daily treatment with s.c. injections of 1 mg P4 and
6.7 ng E2 continued for 5 days after the mechanical trauma.
The wet weights of the stimulated and control uterine horns of
each mouse were measured. Uterine tissues were then isolated
from both horns and fixed in 4% paraformaldehyde (vol/vol)
before paraffin embedding.

Statistical analysis

Statistical significance analyses were performed with one-way
Analysis of variance (ANOVA) analysis, Tukey’s post hoc
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multiple range test, and Student’s ¢-tests using GraphPad soft-
ware (San Diego, CA). p <0.05 was considered statistically
significant.

Results
Increased SIRT1 during early pregnancy in the
mouse uterus

To examine the function of SIRT1 in mouse uterine tissue,
we profiled the SIRT1 protein level during early pregnancy.
SIRT1 was weakly expressed in uterine stromal cells and lumi-
nal and glandular epithelial cells at GD 0.5-3.5 (Figure 1a-c).
At GD 4.5, SIRT1 expression increased in nuclei of decid-
ual stromal cells, mainly in the PDZ (Figure 1d and e). At
GD 5.5, SIRT1 expression is strongest, with high expression
levels in both the PDZ and secondary decidual zone (SDZ).
(Figure 1f and g). At GD 7.5, expression of SIRT1 was similar
to GD 5.5, but it was weakly localized to nuclei of decidual
cells and weaker in the PDZ than the SDZ (Figure 1h-j). SIRT1
is also highly expressed in the embryos (Figure le, g, and j).

Fertility defect of mice with ablation of Sirt7 in the
PGR-expressing cells

Global deletion of Sirt1 in mice results in perinatal lethality
in inbred backgrounds [21, 32]. To assess the function of
Sirt1 in the female reproductive tract but avoid this lethal
phenotype, we generated uterine-specific Sirt1 knockout mice
by crossing Pgr-cre (Pgre™®*) and Sirt1 floxed female mice
(Sirt17f) (Figure 2A) [27, 28]. We confirmed the ablation of
uterine SIRT1 at GD 5.5 when SIRT1 is normally strongest,
with RT-qPCR showing that Sizt1 mRNA was significantly
decreased in the uterus of Sirt1%4 mice compared with control
mice (Figure 2B). Western blot analysis demonstrated loss of
SIRT1 proteins in the uteri of Sirt1%4 mice (Figure 2C). To
confirm the loss of SIRT1 in all uterine compartments, we per-
formed immunohistochemistry analysis in the implantation
site region of GD 5.5. In Sirt194 mice, there was weak SIRT1
expression except for in the embryo (Figure 2D). These results
demonstrate the successful ablation of Sirt1 in the murine
uterus.

To investigate the impact of ablation of Sizt1 on female
fertility, female control (Sirt1f) and Sirt1%? mice were
mated with wild-type C57Bl/6 male mice for 6 months.
Sirt19d mice had only 2.4040.60 litters/mouse compared
with 5.404:0.30 litters/mouse from control mice (Table 1).
Control mice had an average 6.63 & 0.13 pupsl/litter, whereas
female Sirt1%4 mice had an average 4.20 +0.81 pups/litter.
Sirt19d mice produced significantly fewer litters per mouse
(*p <0.05) and pups per litter (***p < 0.001), revealing that
Sirt1%4 female mice are subfertile.

To test for an ovarian cause of subfertility, female Sirz
mice were examined for proper ovarian histology, ovulation,
and steroid hormone production at GD 3.5. Blastocysts gen-
erated by natural mating were flushed from the uterus at
GD3.5. We isolated 7.00+0.71 and 6.204+0.49 embryos
from uteri of Sirt17f and Sirt1%4 mice, respectively (n=5;
Supplementary Figure 1A). The serum levels of E2 and P4
were 16.224+3.05 pg/ml and 10.53 4+ 1.85 ng/ml, respec-
tively, in control mice, meanwhile 17.58 +4.08 pg/ml and
8.44 +1.75 ng/ml, respectively, in Sirt1%¢ mice, not signifi-
cantly differing between the mice at GD 3.5 (n = 5/genotype)
(Supplementary Figure 1 B and C). In addition, histological
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Figure 1. Increased SIRT1 during early pregnancy in the mouse uterus. Representative images of SIRT1 IHC in uterine tissue of natural pregnant mice
(n=23). At GD 0.5-3.5, SIRT1 shows low expression (a-c), but at GD 4.5 (d-e) and 5.5 (f-g) SIRT1 expression was strong in decidualized cells. At GD75,
SIRT1 was also expressed in secondary decidual cells (h-j).
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Figure 2. Generation of Sirt7%? mice. Sirt1%? female mice do not express SIRT1 in any uterine cell layer. (A) The schematic shows the strategy for
generating Pgree/t Sirt 17 (Sirt1%¢) mice. (B) Relative expression of uterine Sirt7 at GD 5.5, mRNA normalized to Rp/7 (n=5, *p < 0.05). The results

represent the mean + SEM. *p < 0.05. (C) Uterine SIRT1 protein expression at GD 5.5 normalized to ACTIN. (D) Representative images of SIRT1 IHC in
uterine tissue at GD 5.5 (n=3).

Table 1. Subfertility of Sirt7%¢ female mice

Number of mice tested Number of litters Number of pups Average pups/litter Average number of litters/mouse
Sire1ff 5 27 179 6.63£0.13 5.40 £ 0.30
Sirt1¥d 5 10 42 4.20 £ 0.81 2.40 £ 0.60

analysis of the intact ovaries from Sirt1” and Sirt1%¢ mice
revealed no morphological defect (Supplementary Figure 1D).
These results demonstrate that ovarian morphology and func-
tion were not affected in the Sirt19/? females suggesting that
the subfertility is primarily due to a uterine defect.

Implantation defect in Sirt19d mice

To determine the cause of subfertility in Sirt19 mice, 8-week-
old female Sirt17f and Sirt19/? mice were mated with fertile

control male mice. The uteri were examined at GD 5.5 to
examine the ability of embryos to implant. Sirt17f female mice
showed average 7.57+0.43 implantation sites per mouse
(n="7). However, Sirt19d uteri contained significantly fewer
implantation sites (5.00 £ 1.04) than control mice (7=38)
(Figure 3A and B).

To understand the molecular basis of the implantation
defect in Sirt1%4 mice, we examined the uterine histology
and COX2 expression [33] at GD 4.5. The endometrium in
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Figure 3. Implantation defect in GD 5.5 Sirt7%? mice. (A) Representative images of GD 5.5 uterus gross morphology from Sirt1% (a) and Sirt19 (b)
mice. (B) The average implantation site number in Sirt77f and Sirt1%? uteri. The results represent the mean + SEM. *p < 0.05.

control mice normally undergoes luminal epithelial closure at
the time of embryo implantation [34], and COX2 is strongly
and specifically expressed in stromal cells that are beginning
to decidualize near the embryo invasion region [35]. How-
ever, our histological and immunochemistry analysis revealed
two types of abnormal implantation sites in Sirt194 mice
(Figure 4). Group #1 (14/20, 70%) showed a partially closed
luminal epithelial layer, decreased COX2 expression in stro-
mal cells near implantation sites, and abnormal COX2 expres-
sion in luminal epithelial cells (Figure 4h). Group #2 (6/20,
30%) had a more severe phenotype compared with Group
#1, exhibiting a fully opened luminal epithelial layer with
floating embryos (Figure 4f). In addition, COX2 expression
was nearly absent (Figure 4i). To determine if the two different
phenotypes in Sirt1%4 mice originated due to regionally differ-
ing Sirt1 knockout efficiency, we examined the expression of
SIRT1 at implantation sites of two different groups. However,
SIRT1 was absent around implantation sites in both groups of
Sirt1%4 mice (Figure 4k and 1).

Altered FOXO1 and PGR expression in GD 4.5
Sirt19/d uteri

Proper interplay between PGR and FOXO1 around the
implantation window is another key to successful embryo
implantation [21]. At GD 4.5, FOXO1 was normally
localized in nuclei of luminal epithelial cells in control mice,
and PGR was negative (Figure 5Aa, d, g, and j). However,
Sirt1%4 females showed two types of altered expression
patterns for PGR and FOXOT1 proteins. In GD 4.5 Sirt194
Group #1, FOXO1 was still expressed in luminal epithelial
cells (Figure SAe), but nuclear FOXO1 was significantly
decreased, whereas cytoplasmic FOXO1 expression was
upregulated (Figure 5B). These data show there is diminished
translocalization of FOXO1 in the absence of SIRTI.
Sirt1%?  Group #2 showed a more severe phenotype,
where the luminal epithelial layer was negative for nuclear
FOXO1 (Figure 5Ac and f), and PGR was strongly expressed
(Figure 5Ai, 1 and 5C). To determine if FOXO1 regulates
SIRT1 expression, we performed SIRT1 immunohistochem-
istry in Pgre®/t Foxo1f mice [21]. Although FOXO1 was

not detected in Pgre®+Foxo1 mice, SIRT1 proteins were
strongly detected at stromal and luminal epithelial cells of
Pgrere* Foxo1/f mice (Supplementary Figure 2). These results
suggest that SIRT1 loss disrupts the normal balance of
FOXO1 and PGR at GD 4.5.

Altered E-cadherin, COX2, FOXO1, and PGR
expression in GD 5.5 Sirt19/d uteri

To further characterize the role of SIRT1 in implantation and
decidualization, we analyzed uterine histology and screened
important molecular markers at GD 5.5 (Figure 6A). In
normal control mice, the luminal epithelium at the embryo
invasion site undergoes degradation by this time [17], and
therefore we observed no E-cadherin-positive epithelium
at implantation sites (Figure 6A a and d). FOXO1 was
also not expressed (Figure 6Ag), but PGR and COX2 were
abundant in nuclei of decidual stromal cells in the PZD
(Figure 6Ba and d) [16, 21, 36]. In contrast, the Sirt1%4 uterus
showed structural and molecular defects. Like at GD 4.5,
Sirt1%4 implantation sites exhibited two distinct phenotypes.
Group #1 showed normal implantation structure, and E-
cadherin (Figure 6Ab and e) and FOXO1 (Figure 6Ah) were
negative. However, the expression of COX2 and PGR was sig-
nificantly downregulated in the PZD (Figure 6Bb and e; C).
Group #2 had a more critical defect. Imnmunohistochemistry
results revealed intact epithelial cells positive for E-cadherin
and FOXO1 (Figure 6Afandi). This phenotype matches
that of GD 4.5 control mice [17]. Similar to Group #1,
PGR and COX2 were significantly decreased in the PDZ
(Figure 6Bc and f; C). However, strong E-cadherin staining
was constantly detected at inter implantation sites of control
and both groups of Sirt1%¢ mice (Figure 6Aj-1). All these
data underscore the importance of SIRT1 in the mechanisms
of epithelial degradation and stromal decidualization during
implantation.

Defect of decidualization response in Sirt1%d mice

To determine the effect of SIRT1 ablation on decidualization,
we used a mouse model of artificially induced decidualization.
In the stimulated uterine horn of control mice, the decidual
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Figure 4. Altered stromal cell decidualization in GD 4.5 Sirt1%9 uteri. Representative images of H&E (a-f), COX2 IHC (g-i), and SIRT1 IHC (j-) at GD 4.5
Sirt1” (a, d, g, and j), Sirt1%? Group #1 (b, e, h, and k), Sirt1%? Group #2 (c, f, i, and ) implantation sites.

response was fully induced after hormone administration and
mechanical trauma (Figure 7Aa). However, the stimulated
uterine horn of Sirt194 mice showed a partial defect of
decidual response (Figure 7Ab), and the stimulated/control
horn weight ratio was significantly decreased (Figure 7B). In
addition, histological analysis of control and Sirt194 uteri
showed decidual cell morphology, but the size of stimulated
horn was decreased due to a defective decidual response in
Sirt1%d uteri (Figure 7C). These data reveal that SIRT1 is
required for a complete decidualization response.

Discussion

We utilized the Pgr-cre driver to determine the effect of
Sirt1l deletion in the mouse uterus on fertility. A 6-month
fertility trial showed that female Sirt1%4 mice were subfertile.
Because Pgr is also expressed in ovarian granulosa cells,
we needed to rule out a potential ovarian defect caused
by Sirt1 deletion. The average number of blastocysts, and
serum P4 and E2 levels in Sirt1%4 mice at GD3.5 were not
different than control mice. PGR is not expressed in the
oocyte, and Sirt1%4 mice showed normal ovarian function.
Together, Sirt1%¢ mice exhibit normal ovarian function, and
the subfertility of Sirt19/? females is due to a uterine defect.

Previous research by our group identified that SIRT1 was
overexpressed in eutopic endometrium from women with
endometriosis. In women, this SIRT1 overexpression was not
dependent on the menstrual cycle stage; rather, overexpres-
sion was consistent at all stages [26]. Therefore, SIRT1 is
a potential target of endometriosis treatment. On the other
hand, one study showed that SIRT1 was reduced in damaged
human endometrial stromal cells, which may be the cause of
repeated implantation failures [37]. Therefore, it appears that
a properly regulated amount of SIRT1 is important for normal
uterine processes such as decidualization.

The invasion of the blastocyst to the luminal epithelium
triggers the process of decidualization that includes the differ-
entiation of the fibroblastic stromal cells into morphologically
different decidual cells [38]. These differentiated cells have
a special biosynthetic and secretory properties [39]. In the
normal implantation period, the stromal decidual cell marker
COX2 [16] induces prostaglandin, an important molecule for
angiogenesis [40]. However, we found that COX2 was not
sufficiently induced in Sirt19¢ implantation sites. In Sirt144
Group #1, expression of COX2 was not limited to the stromal
cells but also extended to epithelial cells and was not specific
to the invasion site. On the other hand, COX2 was almost
negative in Sirt194 Group #2. Therefore, endogenous decidu-
alization was disrupted at the molecular level by loss of SIRT1.

It is well-known that ovarian hormones are critical for
decidualization, especially P4 signaling through PGR, which
is necessary to maintain the decidual tissue [41]. There are
two different ways to activate the PGR: (1) ligand binding
dependent [42] and (2) ligand binding independent [43]. The
amount of ovarian progesterone was similar in the GD 3.5
Sirt1" and Sirt194 5o it can be assumed that the decrease in
PGR was not due to a decrease in the ligand. Therefore, our
results suggest that changes in PGR-related decidual signaling
in stromal cells lead to abnormal implantation phenotypes
in Sirt1%4 mice [36, 44, 45]. FOXO1 is one of the pro-
teins that interact most tightly with PGR [46], and FOXO1
and PGR were established as important to inducing in vitro
decidualization [19, 20, 47, 48]. Our results showed that
SIRT1 contributes to the activation of the FOXO1-PGR axis,
and ablation of SIRT1 decreases decidual cell proliferation.
Together, these data suggest that SIRT1 contributes to the
regulation of the FOXO1-PGR axis at implantation.

At the beginning of the implantation period, GD 4.5, the
withdrawal of PGR in epithelial cells and the rapid accu-
mulation of FOXO1 in the endometrial epithelium is neces-
sary to start the epithelial degradation necessary for embryo
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Figure 5. Altered FOXO1 and PGR expression in GD 4.5 Sirt1% uteri. (A) Representative images of FOXO1 (a-f) and PGR (g-) IHC at GD 4.5 Sirt1% (a, d,
g, and j), Sirt1%? Group #1 (b, e, h, and k), Sirt1%? Group #2 (c, f, I, and I) implantation sites. (B) Quantification of the localization of FOXA2 at Sirt 17,
Sirt199 Group #1, and Sirt 194 Group #2 implantation sites. (C) Semi-quantitative H-score for epithelial PGR at Sirt 1%, Sirt1%? Group #1, and Sirt1%¢
Group #2 implantation sites. The results represent the mean &+ SEM. *p < 0.05; **p < 0.001.

implantation [21, 48]. However, in Sirt19/d mice, PGR was
still localized to the nucleus in the epithelial region at this
stage, and FOXO1 failed to translocate to the nuclei [46].
Also, Sirt1% Group #2 implantation regions showed an
intact FOXO1 positive epithelium compared with no luminal
epithelial cells in control and Sirt1%¢ Group #1 implantation
regions. We thus speculate that the subfertility of Sirt194
females is due to biological adaptation of individual PGR
signaling mechanisms at specific endometrial regions.

Our fertility experiment revealed that Sirt1%¢ mice exhibit
subfertility instead of infertility, and delayed embryo implan-
tation could have a ripple effect on reducing litter sizes.
Ovariectomy before embryo implantation results in blastocyst
dormancy and delayed implantation in the mouse [49]. These
conditions are maintained by continued P4 treatment but can
be terminated with an injection of E2 leading to blastocyst
activation and subsequent implantation. The window for

successful implantation defines as a limited time span when
the activated stage of the blastocyst is superimposed on the
receptive state of the uterus [49]. Although the serum P4
level is normal in Sirt19? mice, Group #2 of Sirt19? mice
showed delayed progression of implantation. The expression
of SIRT1 is weak in uterine epithelium and stroma until GD
4.5 (Figure 1), and the effect of Sirt1 knock-out on artifi-
cial decidualization response is only a partially defect. These
results suggest that Sirt1 ablation in uterine cells using Pgr-cre
model could result in a compensation or redundancy effect of
other SIRT1 family proteins.

Sirt1%4 mice had only 2.40 + 0.60 litters/mouse compared
with 5.40 £ 0.30 litters/mouse from control mice. This result
suggests that the mating latency from cohabitation to mating
for Sirt1%4 mice is remarkably longer than control mice. We
also found the varying phenotypes in Sirt1%? mice at GD
4.5 and GD 5.5 that appear to represent failures of embryo
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attachment and decidualization process at two different
stages. Although this study could not determine the source of
these variations in Sirt19 mice, it could possibly have resulted
from functional redundancy or compensation of other family
members, variables related to SIRT1 deficiency, or slightly
different timing from mating event to sample collection
between mice. There are also possible pregnancy losses that

led to reduced number of litters per mouse. Therefore, further
study would be needed to investigate pathophysiological effect
of SIRT1 loss during pregnancy.

Decidualization is stromal cell proliferation and differen-
tiation into specialized type of cells (decidual cells) with
polyploidy [7]. The decidual cell polyploidy is characterized
by the formation of large mono or bi-nucleated cells, a char-
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The right side horn received mechanical stimulation. (B) A significant decrease in stimulated/unstimulated (control) horn weight ratio in Sirt7%? mice as
compared with Sirt77 mice. (C) H&E staining of control and stimulated horns in Sirt17f (a and c) and Sirt71%? (b and d) mice at day 5 of decidualization.

The results represent the mean + SEM. *p < 0.05.

acteristic of nuclear endoreduplication, consisting of DNA
with four, eight, and even higher multiples of the haploid
complement [39, 50, 51]. Although control mice revealed
abundant decidual cell morphology in the stimulated horn,
decidual cells were decreased in the stimulated horn of Sirt194
mice. Although we did not provide experimental results on the
molecular effects of SIRT1 deficiency on our artificial decidual
experiment, the phenotypes of Sirt1%¢ mice at GD4.5 and
GD35.5 suggest a critical function of SIRT1 in decidualization.
Therefore, further study would be needed to determine the
molecular mechanisms of SIRT1 in decidualization using arti-
ficial decidual experiments as well as in vitro decidualization
of primary stromal cells.

In conclusion, SIRT1 has a role in implantation and decid-
ualization. Ablation of Sir¢1 disrupts decidualization via dys-
regulating PGR/FOXO1 proteins. Failure of decidualization is
one cause leading to infertility. Further research determining
the mechanism of SIRT1’s involvement in uterine dysfunction
associated with infertility and endometriosis will be critical
to understanding both of these common uterine diseases to
design future therapies.
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